In BCR-ABL1 ؉ leukemia, drug resistance is often associated with up-regulation of BCR-ABL1 or multidrug transporters as well as BCR-ABL1 mutations. Here we show that the expression level of the transcription factor STAT5 is another parameter that determines the sensitivity of BCR-ABL1 ؉ cells against tyrosine kinase inhibitors (TKIs), such as imatinib, nilotinib, or dasatinib. Abelson-transformed cells, expressing high levels of STAT5, were found to be significantly less sensitive to TKI-induced apoptosis in vitro and in vivo but not to other cytotoxic drugs, such as hydroxyurea, interferon-␤, or Aca-dC. The STAT5-mediated protection requires tyrosine phosphorylation of STAT5 independent of JAK2 and transcriptional activity. In support of this concept, under imatinib treatment and with disease progression, STAT5 mRNA and protein levels increased in patients with Ph ؉ chronic myeloid leukemia. Based on our data, we propose a model in which disease progression in BCR-ABL1 ؉ leukemia leads to up-regulated STAT5 expression. This may be in part the result of clonal selection of cells with high STAT5 levels. STAT5 then accounts for the resistance against TKIs, thereby explaining the dose escalation frequently required in patients reaching accelerated phase. It also suggests that STAT5 may serve as an attractive target to overcome imatinib resistance in BCR-ABL1 ؉ leukemia. 
Introduction
More than 99% of all patients with chronic myeloid leukemia (CML) and approximately 30% of acute lymphoid leukemia are characterized by the t(9;22)(q34;q11) translocation and the Philadelphia chromosome. Two chimeric oncogenic tyrosine kinase products, p185 BCR-ABL1 or p210 BCR-ABL1 , may be generated. 1, 2 Whereas p210 BCR-ABL1 is associated with CML, p185 BCR-ABL1 is almost exclusively found in acute lymphoid leukemia. 3 The BCR-ABL1 oncoprotein promotes leukemia development by activating multiple signal transduction pathways that regulate cell proliferation, transformation, and survival. BCR-ABL1-induced acute lymphoid leukemia is characterized by an excess of lymphoblasts and progresses rapidly, whereas BCR-ABL1 ϩ CML is a stem cell-derived disease with distinct phases: chronic phase (CP), which may last for several years, accelerated phase (AP), and blast crisis (BC). 4 Therapy of BCR-ABL1-induced diseases was significantly improved by the development of small molecular weight inhibitors blocking the activity of the ABL1 kinase. Imatinib was the first substance, soon followed by other kinase inhibitors (TKIs), such as dasatinib and nilotinib. [5] [6] [7] All these TKIs target the enzymatic activity of the ABL1 tyrosine kinases. 6, 8, 9 Imatinib is now the standard first-line therapy for all CML patients. However, not all CML patients respond equally well. 10 Moreover, approximately 15% to 25% of the patients who initially responded well acquire resistance against imatinib during therapy. The percentage of nonresponders is even higher in AP. [10] [11] [12] These patients are treated with increased imatinib dosage (600-800 mg/day), secondgeneration BCR-ABL1 inhibitors, or stem cell transplantation. [13] [14] [15] [16] [17] The most frequently reported causes for TKI resistance are mutations in the kinase domain of BCR-ABL1 with a reported frequency of 40% to 90%. 13, 15, 18 Other mechanisms include the up-regulation of BCR-ABL1, increased expression of the drug transporter ABCB1, elevated levels of granulocyte-macrophage colony-stimulating factor (GM-CSF), or TP53 inactivation. 14, 17, 19 Apart from these mechanisms, deregulation of signaling cascades and activation of specific signaling molecules, such as LYN and other SRC family kinases, have also been discussed in contributing to drug resistance in CML. 20, 21 Signaling pathways activated by BCR-ABL1 include the PI3K-mTOR pathway, the RAS/RAF/MEK/ERK pathway, and the JAK-STAT pathway. [22] [23] [24] [25] JAK2 and STAT5 are highly activated in CML patient cells. Although JAK-STAT signaling is normally triggered by cytokines, JAK2 and STAT5 activation in BCR-ABL1-transformed cells depends on the ABL kinase activity because imatinib treatment completely abrogates phosphorylation of JAK2 and STAT5. 26, 27 Treatment of BCR-ABL1 ϩ cells with JAK2 inhibitors or deletion of STAT5 induces apoptosis, even in imatinib-resistant cells. [28] [29] [30] Furthermore, STAT5 phosphorylation has been shown to be independent of JAK2 in BCR-ABL1 ϩ cells. 26 (and authors' observations). STAT5 activates many important antiapoptotic pathways downstream of BCR-ABL1, 22, 31, 32 and we have recently shown that STAT5 is absolutely required for transformation by BCR-ABL1 oncogenes. 23, 29 In a recent report, Wang et al revealed a correlation between elevated STAT5 phosphorylation and imatinib resistance. 19 They attributed the increased phosphorylation of STAT5 to an enhanced GM-CSF synthesis, which activates STAT5 via the tyrosine kinase JAK2.
We delineate here a novel pathway and show that the increased expression of STAT5 itself, independent of JAK2, suffices to mediate imatinib resistance. We also describe that imatinibresistant patients show an up-regulation of STAT5 in the leukemic cells. Thereby, our study defines the STAT5 protein level as a clinically relevant modulator of imatinib responsiveness.
Methods

Mice
Stat5a/b null/ϩ , Stat5 fl/ϩ , Stat3 fl/fl , Mx1-Cre (all mixed C57BL/6J x Sv129), Stat1 Ϫ/Ϫ (C57BL/6J), Cre ER t2 (FVB/NJ), and NOD.CB17-Prkdc^scid/ NCrHsd (NOD/SCID, Harlan Laboratories) mice were maintained at the Biomedical Research Institute (Medical University of Vienna) and genotyped as described previously. 33 NOD/SCID mice were used for leukemia engraftment and imatinib in vivo studies. All animal experiments were carried out in accordance with protocols approved by Austrian law.
Tissue culture conditions and infections
Tissue culture conditions, virus preparation, infection of fetal liver cells with viral supernatant from A010 cells or gp ϩ E86 producer cell lines, and establishment of cell lines was described previously. 23 
Immunoblotting and electrophoretic mobility shift assay
Immunoblots and electrophoretic mobility shift assay on the ␤-casein promoter were carried out as described previously. 23, 34 Membranes were probed with antibodies directed against STAT1 (sc-592X), STAT3 (sc-482X), STAT5A/B (sc-835X), CDK2 (sc-163), CDK4 (sc-260), c-ABL (sc-23, all purchased from Santa Cruz Biotechnology), ␤-actin (A5441) and ␣-tubulin (T9026, both Sigma-Aldrich). Antisera against STAT5A and STAT5B have been described previously. 35 38 were expressed in the retroviral vector pMSCv-IRES-eGFP. p185 BCR-ABL1 was cloned into a pMSCV backbone. Ecotropic, replication incompetent gp ϩ E86 producers were generated and selected for high virus titer production by fluorescence-activated cell sorter (FACS) as described previously. 36, 39 Imatinib treatment of p210 BCR-ABL1 -IRES-GFP infected bone marrow
Plasmids
For imatinib sensitivity studies of p210 BCR-ABL1ϩ cells, bone marrow cells derived from Stat5 ϩ/ϩ or Stat5 null/ϩ mice were cocultivated on p210 BCR-ABL1 retroviral producer cells for 48 hours in the presence of StemPro-34 serum-free medium (Invitrogen) supplemented with interleukin-3 (IL-3; 10 ng/mL), IL-6 (5 ng/mL), GM-CSF (1 ng/mL), Fms-like tyrosine kinase 3 ligand ligand (20 ng/mL), insulin growth factor-1 (40 ng/mL), stem cell factor (100 ng/mL), dexamethasone, and polybrene (7 g/mL). Three days after infection, StemPro medium was replaced with cytokine-free RPMI supplemented with 10% fetal calf serum, 1% penicillin/streptomycin, and 0.1% ␤-mercaptoethanol. Five days after StemPro medium deprivation, cells were treated with imatinib for 48 hours and analyzed via FACS for green fluorescent protein (GFP) and MAC-1 expression.
Primary patient samples
Primary cells were obtained from patients treated at the General Hospital, Vienna, Austria. Cells were obtained from patients with CML at routine blood and bone marrow examinations after informed consent was given in compliance with the Declaration of Helsinki. Peripheral blood and bone marrow mononuclear cells were isolated using Ficoll. Samples were analyzed for BCR-ABL1 mutations (complete list of analyzed mutations, supplemental Figure 4A , available on the Blood Web site; see the Supplemental Materials link at the top of the online article) and BCR-ABL1 mRNA level according to the international standard protocol. Use of human samples was approved by the Ethical Committee of the Medical University of Vienna and is in compliance with Austrian legislation.
Immunocytochemistry was performed as described by Baumgartner et al. 40 
Statistics
Two-tailed Student t tests were used for statistical analysis. Difference was considered statistically significant when P less than .05. The data are represented as mean Ϯ SD of the number of the determinations and were analyzed by Graph Pad software Version 4.03. Additional protocols are provided in the supplemental data.
Results
Increased imatinib resistance in Abelson-transformed cells on maintenance in tissue culture
Transformation of hematopoietic cells with p185 BCR-ABL1 and v-ABL results in the outgrowth of growth-factor independent CD19 ϩ /CD43 ϩ /B220 ϩ cells. We noted that different v-ABLtransformed lymphoid pro B-cell clones (v-Abl ϩ cells) varied significantly in their response to imatinib. We asked whether these differences might be related to the time the cells had been in culture. v-Abl ϩ cells that had been propagated for less than 3 months after the initial transformation event were defined as short-term cultures (STCs). They were opposed by long-term cultures (LTCs) that had been cultured more than 8 months. First, we compared cell numbers of LTCs and STCs on imatinib treatment. Because LTCs proliferated slightly faster than STCs (supplemental Figure 1A) , we set the individual controls to 100% to allow their comparison. As shown in Figure 1A , STCs reacted with a pronounced decrease in cell numbers to 100nM imatinib, whereas LTCs were affected to a significantly minor degree. This difference in imatinib sensitivity also became obvious when the cells were plated in growth-factor free methylcellulose ( Figure 1B ; summarized in supplemental Figure 1B Figure 1C ). Immunoblots revealed that several molecules were expressed at elevated levels in LTCs compared with STCs ( Figure 1D ). Among the up-regulated factors were the STAT transcription factors. Quantitative analysis by ImageJ software Version 1.42 revealed a highly significant up-regulation of STAT5A/B. STAT1, STAT3, and c-ABL showed a less consistent pattern ( Figure 1D ; quantitative analysis, supplemental Figure 1C ). We asked whether the elevated expression of STAT transcription factors contributes to the reduced imatinib sensitivity in LTCs. To test whether the up-regulation of individual STAT proteins are on their own of functional relevance, Stat1 Ϫ/Ϫ and Stat3 ⌬/⌬ leukemic cell lines were treated with imatinib for 24 hours.
No differences on imatinib sensitivity were detectable (supplemental Figure 1D -F). Figure 2B) . The cells were then treated with increasing concentrations of imatinib for 48 hours. Imatinib reduced the viability and cell numbers of the BCR-ABL1 ϩ /GFP ϩ cells without affecting the BCR-ABL1-negative population. As additional control, naive BMs were treated with imatinib, which did not exert any effect irrespective of the genotype. In contrast and as shown in Figure 2A Figure 2C ). In contrast, no differences in v-ABL expression were detected. Determination of IC 50 values on imatinib treatment in the Stat5 null/ϩ STC revealed a more than 10-fold difference (IC 50 Stat5 null/ϩ ϭ 31nM, IC 50 wildtype ϭ 353nM; Figure 2D ). The increased imatinib sensitivity of Stat5 null/ϩ cells was also prominent when cells were seeded in growthfactor free methylcellulose in the presence of 10nM or 100nM imatinib ( Figure 2E ). Annexin V stainings suggest that the underlying mechanism relies on increased apoptosis in Stat5 null/ϩ cells. Significantly more cells underwent apoptosis in Stat5 null/ϩ STCs compared with wild-type controls on treatment with 100nM imatinib for 24 hours ( Figure 2F -G). These experiments implicate STAT5 as a regulator of imatinib responsiveness.
Enhanced expression of STAT5A reduces TKI -induced cytotoxicity
Stat5 null/ϩ cells may harbor additional developmental alterations that account for the differences in imatinib sensitivity. To exclude this possibility, we infected p185 BCR-ABL1ϩ or v-Abl ϩ STCs with a pMSCv-Stat5a-eGFP based retrovirus to generate transformed B cells that differ from vector controls solely by an elevated STAT5A expression. One representative FACS experiment is shown in Figure 3A . We obtained an infection rate of approximately 20% irrespective of whether we used the empty vector or the vector encoding STAT5A (resulting in "S5a high cells"). Figure  3A) . Similarly, long-term incubations using low concentrations of imatinib (10nM) were capable of selecting for S5a high cells over a period of 2 weeks (supplemental Figure 3B ).
To exclude that interaction of S5a high cells with noninfected cells in the mixed populations interferes with the imatinib response, v-Abl ϩ cells were sorted for GFP-expressing (S5a high ) and nonexpressing (S5a low ) cells. FACS analysis for intracellular STAT5A/B and immunoblots confirmed higher STAT5 protein levels in S5a high cells compared with S5a low cells (Figure 3D inserted histograms; supplemental Figure 3C ). The differences in imatinib sensitivity were even more pronounced than in the mixed cell populations. Starting at concentrations of 300nM imatinib, S5a high cell lines had a significantly higher viability. All S5a low cells underwent apoptosis when exposed to 1000nM imatinib, whereas still approximately 60% of the S5a high cells remained viable after 48 hours ( Figure 3D ). Cytospins confirmed these results ( Figure 3E ). These experiments clearly link enforced STAT5A expression to decreased imatinib sensitivity. The effects cannot be attributed to an increase in BCR-ABL1 or v-ABL expression as confirmed by immunoblots (supplemental Figure 4A-B) . We also excluded that the imatinib exposure selected for cells expressing high levels of BCR-ABL1 or v-ABL (supplemental Figure 4B) . Moreover, we analyzed v-ABL and BCR-ABL1 activity using pCRKL as a surrogate marker. Ba/F3p185 BCR-ABL1 , Ba/F3p210 BCR-ABL1 cells, one v-ABL, and 2 p185 BCR-ABL1 transformed primary mouse cell lines were treated 
with increasing concentrations of imatinib. pCRKL was determined using intracellular FACS and, as expected, decreased in a concentration-dependent manner under imatinib treatment. No differences between S5a high or S5a low cells were detectable. This indicates that BCR-ABL1 in both cell types reacts in a comparable manner to imatinib treatment (supplemental Figure 4C-D) . These findings make it highly unlikely that the decreased imatinib sensitivity in S5a high cells is the consequence of additional mutations or the up-regulation of a multidrug transporter.
We next tested whether the protective effect of elevated STAT5A protein levels is specific for imatinib or extends to other BCR-ABL1 kinase inhibitors. As shown in Figure 3F , the protective effect of STAT5A was also observed in experiments using dasatinib and nilotinib. Most importantly, the protective effect restricted neither to one BCR-ABL1 kinase inhibitor nor to our cellular system. We took advantage of p210 BCR-ABL1 transformed Ba/F3 cells that additionally express a doxycycline-inducible dominant negative variant of STAT5A (S5a ⌬749 ). 34 The expression of S5a ⌬749 was induced for 48 hours by doxycycline treatment. A dosage of doxycycline was defined in preliminary experiments that induced S5a ⌬749 expression but had only a minor impact on the viability of the cells (data not shown). To delineate the combined effects of BCR-ABL1 kinase inhibition and STAT5 inhibition, concentrations of the TKIs only slightly affecting the cells were used. The inhibitors imatinib, nilotonib, or dasatinib were added 24 hours after doxycycline. As shown in Figure 3G , the combined inhibition of STAT5 and p210 BCR-ABL1 resulted in a significantly decreased viability compared with the inhibition of p210 BCR-ABL1 alone. These experiments suggested that transcriptionally competent STAT5 regulates the sensitivity of v-ABL and BCR-ABL1 transformed cells toward BCR-ABL1 kinase inhibition.
Ectopic expression of STAT5A renders v-ABL transformed cells resistant to in vivo treatment with imatinib
The data obtained so far encouraged us to challenge our concept in an in vivo experimental setting. To mimic the situation of leukemic patients undergoing imatinib treatment, we injected NOD/SCID mice with v-Abl ϩ cells. We prepared wild-type STCs that contained 99% of uninfected cells (S5a low ) enriched by 1% of cells infected with pMSCv-Stat5a-IRES-GFP (S5a high ). Thus, S5a high cells are indicated by GFP expression ( Figure 4A top middle panel) . A total of 2 ϫ 10 6 cells/mouse were injected intravenously, and the animals showed first signs of disease, such as reduced mobility and scrubby fur, 13 days thereafter. Blood samples were taken, which revealed the presence of significant amounts of leukemic cells. Approximately 80% of the cells in the PB expressed CD19 and were therefore classified as leukemic cells. No change in the composition of S5a high versus S5a low cells was detectable. Still, 1% of the leukemic cells were GFP ϩ , indicating high STAT5A expression levels ( Figure 4A top right panel) . Hence, under conditions where the leukemic cells spread and proliferate in the animal, the enforced expression of STAT5A did not confer any selective advantage. Treatment with imatinib was initiated with 100 mg/kg once per day by gavage. During therapy, peripheral blood (PB) samples were checked daily by FACS for the presence of leukemic cells. Importantly, the "regular" S5a low leukemic cells steadily declined under imatinib therapy. In contrast, the S5a high cells remained unaffected and steadily increased ( Figure 4B ). Nine days after treatment initiation, the animals had to be killed because they displayed signs of sickness with pronounced weight loss and hind leg ataxia. Pathologic analysis revealed that the mice had a leukemia densely infiltrating spleen, bone marrow (BM), and lymph nodes. FACS analysis showed that the leukemic cells consisted nearly exclusively of GFP ϩ S5a high cells ( Figure 4B right  panel) . This was observed in all mice analyzed (n ϭ 6; Figure 4C ). In contrast, no selection of S5a high cells was detected in untreated animals (supplemental Figure 5A) . Again, determination of the expression level of v-ABL as well as the determination of pCRKL via intracellular FACS confirmed that the effects cannot be attributed to an increased expression or reduced sensitivity of the oncogenic kinase itself (supplemental Figure 5B-C) .
Interestingly, we did not only see a selection of S5a high cells over S5a low cells, but also a selection process within the S5a high population with an enrichment of the brightest GFP ϩ S5a high cells indicating very high levels of STAT5A protein. The GFP fluorescence intensity correlates with the amount of ectopically expressed STAT5A (supplemental Figure 5D ). We observed a 46-fold higher GFP-mean fluorescence intensity in the S5a high population compared with the GFP-negative cells that remained constant during the progression of the leukemia before imatinib treatment ( Figure  4D top and middle panels). However, 9 days after imatinib treatment, the GFP-mean fluorescence intensity value directly indicating STAT5A expression had significantly increased from 46-fold to 97-fold (Figure 4D bottom panel; summarized in supplemental Figure 5E ). Next, we questioned whether CML cells derived from the murine transplant do have high pSTAT5 levels despite the continuous presence of imatinib. As shown in Figure  4E , S5a high leukemic cells that evolved in the presence of imatinib displayed pSTAT5 levels that were only slightly reduced compared with untreated cells in vitro. For personal use only. on April 20, 2017 . by guest www.bloodjournal.org From
Transcriptional activity of STAT5 is required to confer protection from imatinib-induced apoptosis
For transcriptional regulation, STAT5 is tyrosine phosphorylated, dimerizes, and translocates to the nucleus, where it binds to DNA. To investigate whether enforced expression of STAT5 in Abelsontransformed cells is accompanied by increased tyrosine phosphorylation, we quantified pSTAT5 using intracellular FACS. As shown in Figure 5A (left panel), higher levels of phosphorylated STAT5 were present in sorted S5a high cells compared with S5a low cells. Accordingly, S5a high cells showed increased amounts of DNAbound STAT5 verified by electrophoretic mobility shift assay ( Figure 5A right panel) . To investigate whether the transcriptional function of STAT5A accounts for the STAT5A-mediated resistance against imatinib, we took advantage of different STAT5A mutants (shown in Figure 5B ). cS5 F is a constitutively active STAT5A mutant resulting from a S711F point mutation. S5a ⌬N lacks the N-terminal domain required for oligomerization but is still capable of functioning as a transcription factor for some STAT5 target genes. 36, 39 S5a Y/F lacks the critical tyrosine phosphorylation (pY) site on position aa693 and does not efficiently translocate to the nucleus, and S5a EE/AA has DNA-binding domain mutations (EE437/ 438AA) blocking efficient DNA binding to STAT5 response elements. 37 Retroviral infection was used to express these mutants in wild-type STCs. Cells were treated for 24 hours with imatinib, and viable cells were analyzed for GFP expression by FACS. Wild-type STAT5A, cS5 F , and S5a ⌬N mediated growth advantage compared with untransfected cells. In contrast, infection with the empty vector or STAT5A mutants incapable of DNA binding had no effect ( Figure 5C ). These experiments provided evidence that tyrosine phosphorylation and DNA binding of STAT5 are prerequisites for the protective effect against imatinib.
The protective effect of high STAT5A levels is restricted to tyrosine kinase inhibitor treatment
We next tested mRNA expression levels of critical STAT5 target genes implicated in survival or proliferation of hematopoietic cells. Real-time RT-PCRs for the STAT5 target genes Osm, Pim-1, Cis, c-Myc, Cyclin D2, Socs2, and Bcl-2 were performed. The mRNA levels of S5a low cells served as baseline. A clear up-regulation of all analyzed mRNAs was detected in S5a high cell lines ( Figure 6A ). The pronounced up-regulation of the antiapoptotic Bcl-2 mRNA attracted our interest because a correlation between Bcl-2 overexpression and increased imatinib resistance has been shown. However, already a short incubation of S5a high cells with TKIs (3 hours, 100nM dasatinib or 1000nM imatinib) strongly reduced STAT5 target gene mRNA expression to control levels, including Bcl-2 ( Figure 6A ; and data not shown). Although it appears reasonable that the high levels of antiapoptotic proteins may account for a short-term advantage of STAT5 overexpressing cells, the rapid decrease after TKI treatment makes it highly unlikely to allow for long-term survival of S5a high cells (eg, 9-day in vivo treatment). To analyze the dose-dependent effects of imatinib on STAT5 activity, we performed intracellular FACS analysis for pSTAT5. S5a high cells showed only a minor reduction of pSTAT5 levels when treated with imatinib for 24 hours up to concentrations of 300nM (Figure 6B top panel) . Thereby, 300nM imatinib reduces, but does not entirely abrogate, kinase activity (supplemental Figure 4C ). In contrast, the concentration of 300nM imatinib suffices to significantly reduce STAT5 phosphorylation in S5a low cells and to induce apoptosis after 72 hours, underscoring the close correlation of pSTAT5 level and imatinib sensitivity ( Figure 6B  bottom panel) . The pSTAT5 levels in S5a high cells were reduced to For personal use only. on April 20, 2017 . by guest www.bloodjournal.org From the levels observed in S5a low cells, only when we used high concentrations of imatinib (1000nM). Under these conditions, we could initiate apoptosis even in S5a high cells, albeit with a certain delay. This prompted us to propose the following concept: A threshold of pSTAT5 enables Abelson-transformed cells to survive under imatinib treatment, which may be maintained with higher probability in cells with high STAT5 protein expression. When we performed dose-response curves in S5a high and S5a low cells using interferon-␤, hydroxyurea, etoposide, puromycin, hygromycin, and Aza-dC, we failed to observe any significant beneficial effect of high STAT5 levels, ruling out any general effects ( Figure 6C ). These results verify that the protective effect of high STAT5 levels for BCR-ABL ϩ cells is only relevant under TKI treatment. Figure  6E shows a scheme explaining the mechanism of imatinib resistance mediated by elevated STAT5 levels and the effect of a dose escalation to overcome this resistance.
STAT5 expression in leukemic cells of CML patients increases during disease progression and mediates imatinib response of human CML cell lines
We next analyzed STAT5 levels during disease progression to determine the significance of our data for CML patients. To address this, PB-or BM-derived mononuclear leukemic cells of untreated patients at the time points of diagnosis were collected (patient characteristics, supplemental Table 1 ). STAT5A mRNA levels were determined by real-time polymerase chain reaction (RT-PCR) and BM from 3 healthy patients served as control. A significant increase of STAT5A mRNA was found in samples obtained from patients in AP (n ϭ 7) compared with CP (n ϭ 13) (P ϭ .0002, Figure 7A) . In addition, we tested 8 samples from imatinib-treated patients (6 in CP, one in AP, and one in BC) that had developed imatinib resistance and relapsed. A total of 40% to 90% of cases of imatinib resistance are a result of mutations within the kinase domain of BCR-ABL1. 18 Although all of our analyzed imatinib-resistant CML patients were tested positive for BCR-ABL1 mutations, a significant up-regulation of STAT5A mRNA compared with patients with imatinib-sensitive CP was registered (P ϭ .0053). The international scale (IS) value for BCR-ABL1 mRNA level and detected BCR-ABL1 mutations are shown (analyzed BCR-ABL1 mutations listed in supplemental Figure 6A ). Similar results were obtained for STAT5B mRNA when samples from 3 healthy and 19 CML diseased patients were analyzed (supplemental Figure 6B) . The increase in STAT5 mRNA is reflected by changes in protein expression levels: patients with CML in AP or imatinib-resistant CP display higher STAT5 protein levels compared with patients in imatinib-sensitive CP ( Figure 7B ). To control for the quality of the patient samples additional to ␤-actin, we analyzed the protein expression of CDK2, CDK4, and ␣-tubulin, which were comparable between the disease phases (supplemental Figure 6C) . Expression of activated STAT5 (pSTAT5) in primary CML cells was further confirmed by immunocytochemistry. The percentage of pSTAT5 ϩ cells varied among patients. In most patients with CP, only a few cells stained positive for pSTAT5, whereas higher counts were recorded in AP and BC ( Figure 7C ; Table 1 ) consistent with our previous findings. Furthermore, the pSTAT5 intensity, which reflects the amount of STAT5 proteins in untreated cells, was elevated in AP and BC. Interestingly, even in BC, not all clonal cells (blasts) were found to react with the anti-pSTAT5 antibody.
When we blotted the BCR-ABL1 IS values versus STAT5A mRNA levels, no positive linear regression was determined. This excludes a link between STAT5A and BCR-ABL1 expression also for the human CML samples (supplemental Figure 7A) . We next sorted CD34 ϩ /lin Ϫ cells out of human CML mononuclear cells (MNCs) derived from 3 individual patients. This resulted in a more than 300-fold enrichment of CD34 ϩ /lin Ϫ cells. Comparison of STAT5A mRNA by RT-PCR failed to detect any consistent change between total MNCs and the CD34 ϩ /lin Ϫ sorted cells ( Figure 7D ). The up-regulation of STAT5 can therefore not be explained by a shift in cellular populations, such as the presence of increased numbers of immature cells and blasts in the BCR-ABL1 ϩ samples investigated. This statement is further supported by the lack of a positive correlation between STAT5A mRNA level and the percentage of blasts in the PB (supplemental Figure 7B) . To verify that the expression level of STAT5 modulates imatinib sensitivity also in human cells, we used a lentiviral-mediated down-regulation of human STAT5A/B. Cells derived from patient samples as well as the human cell lines K562 and KU812 were transduced with siRNA against STAT5A/B (siSTAT5) and a random control construct (siRDM). Immunoblotting verified the specific knockdown (data not shown). Interestingly, induction of apoptosis mediated by high concentrations of imatinib (3M) took more than 2 weeks in primary cells derived from patients. Within this time frame, the siRNA-mediated down-regulation of STAT5 had reduced the viability of the primary cells to an extent that precludes obtaining any solid reproducible or trustable information (supplemental Figure 7C -E). This underscores the significance of STAT5 for the viability of human CML cells. To nevertheless obtain information in human cells, the experiments were performed with KU812 and K562 cells. The rapid imatinib-driven induction of apoptosis (24-48 hours) in these cell lines allowed us to determine imatinib sensitivity after siRNA-mediated knockdown. As shown in Figure 7E -F, STAT5 down-regulation enhanced imatinib sensitivity in both KU812 and K562 cells. Within the time frame of the experiment, no decrease in overall viability in siRNA-expressing cells in the absence of imatinib was observed.
Discussion
Response to imatinib treatment and the induction of remission of BCR-ABL1 ϩ CML critically depend on the disease stage at which treatment is initiated. [10] [11] [12] 41 Best responses are achieved in CP. Accordingly, imatinib dosage has to be increased from 400 to 600 or 800 mg in AP and BC, or therapy has to be switched. The underlying reasons for the low responsiveness accompanying advanced CML are only partially understood. Contributing factors include the appearance of point mutations within the kinase domain of BCR-ABL1, increased expression levels of BCR-ABL1, SRC family kinases, or the drug-transporter ABCB1, TP53 deletion, or elevated GM-CSF secretion. [13] [14] [15] 17, 19, 42 Our studies identify the transcription factor STAT5 as an additional, important regulator that modulates the responsiveness of BCR-ABL1 ϩ cells to ABL1 kinase inhibitors, such as imatinib, nilotinib, Mononuclear cells were spun on cytospin slides and stained with the antipSTAT5 antibody AX1.
and dasatinib for both myeloid and lymphoid cells. In addition, we found a consistent and significant increase in STAT5 expression levels in advanced phase of CML and imatinib-resistant patient samples. This finding is in agreement with a recent report describing a significantly increased mRNA expression of ABCB1, ABCC1, RUNX3, and STAT5A in patients displaying secondary imatinib resistance without BCR-ABL1 mutations compared with newly diagnosed imatinib responders. 43 Although constitutive activation of STAT5 in primary CML patient samples has been reported, 44 to the best of our knowledge, this is the first report that reveals a causal link between an increased STAT5 mRNA and protein expression and a reduced imatinib response in Abelson-transformed cells. Our findings are supported by a recent report that demonstrates the contribution of GM-CSF, which activates the JAK2-STAT5 pathway, to imatinib resistance. 19 This study also reaches the conclusion that pSTAT5 protects BCR-ABL1 ϩ cells from imatinib-induced apoptosis, albeit through a different mechanism. The authors describe increased GM-CSF synthesis and propose that the GM-CSF-induced activation of STAT5 via JAK2 accounts for a decrease in imatinib responsiveness. We here report an additional mechanism; the up-regulation of STAT5 protein itself suffices to confer protection. In our hands, the protective effects were independent of JAK2 but required BCR-ABL1 kinase activity. These differences may be of clinical importance. JAK2 inhibition may be of help in case of GM-CSFmediated resistance but will have no positive effect when the imatinib resistance is mediated by elevated STAT5 protein levels.
Because the increased resistance depends on the transcriptional activity of STAT5, the most obvious explanation is that STAT5 target genes, such as Bcl xl and Bcl-2, build up a barrier against cytotoxicty and apoptosis. Interestingly, we found that the protective effect of STAT5 is restricted to the treatment with TKIs. STAT5 did not prevent cytotoxicity exerted by other agents, such as interferon-␤ or hydroxyurea. Thereby, our data suggest the following model: a threshold of active STAT5 is a prerequisite for the cells to maintain viability. High levels of STAT5 proteins enhance the probability that even a low remaining kinase activity of BCR-ABL1 will maintain a threshold of tyrosine phosphorylated and thereby transcriptionally active STAT5. Only when the level of pSTAT5 sinks below this critical threshold, apoptosis is induced. This model is also supported by the fact that the application of high imatinib concentrations, which resulted in a complete dephosphorylation of STAT5, was capable of inducing apoptosis irrespective of the STAT5 levels, albeit with a different kinetic and a delayed onset. This different kinetic in cells with high STAT5 levels may be explained by the enhanced expression of antiapoptotic target genes, such as Bcl xl and Bcl-2. Our concept is in line with a recent publication that verified the importance of STAT5 for the survival of BCR-ABL1-transformed cells. 29 Our model also delivers a possible explanation why dose escalation or switch to more potent BCR-ABL1 inhibitors helps patients who are insensitive to 400-mg imatinib treatment despite harboring no routinely tested BCR-ABL1 mutations or elevated IS values.
The unique and dominating role of STAT5 might also be linked to its capability to interfere with PI3K signaling, a key signaling pathway regulating survival in BCR-ABL1 ϩ cells. Recent publications intertwined pSTAT5 and PI3K activation via the adaptor protein GAB2 and show that pSTAT5 is required to fully activate PI3K. 45, 46 On progression to BC, the median overall survival decreases to less than 7 months and CML blasts are frequently imatinib-resistant. Recent studies identified the B cell-specific mutator enzyme AID and loss of the transcription factor Ikaros as critical events promoting the development of BC. 47, 48 Other reports revealed a drastic up-regulation of SOCS2 as well as of Cyclin D2 and BCL-2 during CML progression. [49] [50] [51] [52] [53] [54] In this regard, it is of interest that SOCS2, Cyclin D2, and BCL-2 are STAT5 target genes, as also evident from our data. 27, 55, 56 Hence, it might be worthwhile to explore STAT5 as a prognostic marker indicating disease progression.
An open question is how expression of STAT5 is regulated on the mRNA and protein level. Our in vivo experiments in mice suggest a "Darwinian" selection process favoring subclones of the leukemic cells with high STAT5 levels. The analysis of human CML cells supports this concept: Imatinib-resistant CP and advanced stages of the disease are accompanied by enhanced STAT5 levels. Even in BC, not all leukemic cells reacted with the pSTAT5 antibody, suggesting subclone formation or expression of pSTAT5 in distinct phases of lineage commitment or differentiation. 40 Collectively, our immunocytochemistry data correlated with data obtained in RT-PCR experiments and immunoblots. All together, our data suggest that any therapeutic strategy interfering with the phosphorylation and transcriptional activity of STAT5 may be a promising approach to improve therapy for patients with BCR-ABL1 ϩ leukemia, even in advanced disease stages.
